Abstract
We have used the de Hass-van Alphen (dHvA) effect to investigate the Fermi surface of high-quality crystalline TiSb 2 , which unveiled a nontrivial topologic nature by analyzing the dHvA quantum oscillations. Moreover, our analysis on the quantum oscillation frequencies associated with nonzero Berry phase when the magnetic field is parallel to both of the ab-plane and c-axis of TiSb 2 finds that the Fermi surface topology has a three-dimensional (3D) feature. The results are supported by the first-principle calculations which revealed a symmetry-protected Dirac point appeared along the Γ-Z high symmetry line near the Fermi level. On the (001) surface, the bulk Dirac points are found to project onto the point with nontrivial surface states. Our finding will substantially enrich the family of 3D Dirac semimetals which are useful for topological applications.
Three-dimensional (3D) topological semimetals (TSMs), which are often viewed as a "3D graphene", offer potential applications in next-generation spintronics and quantum computing. [1] [2] [3] The bulk bands in TSMs form a linear crossing in the 3D momentum space at a discrete point or at a line, namely, Dirac or Weyl point, [4] [5] [6] [7] [8] [9] [10] [11] or nodal-line, [12] [13] [14] [15] [16] around which the linear dispersion is associated with unusual low-energy excitations that mimic relativistic Dirac or Weyl fermions predicated in high-energy physics. 17, 18 The bulk bands crossing in 3D Dirac semimetals (DSMs) hosting Dirac fermions is fourfold degenerate touching at the Dirac point (DP) near the Fermi energy level E F , which is protected by both time-reversal and space-inversion symmetries. [4] [5] [6] [7] Once either the time-reversal or the space-inversion symmetry is broken, the spin degenerate DP evolves into a pair of spin-split Weyl points (WPs) with twofold degeneracy, thus driving a DSM into a Weyl semimetal (WSM). [8] [9] [10] [11] One important fingerprint of the DP and WP is the corresponding nontrivial topological surface states, 5, [9] [10] [11] 19 26, 27 owing to its excellent energy-to-power density ratio performance, while the electronic structure and related properties have remained nearly uninvestigated. By performing presented in the SI displays typical behaviors as those also observed in many other topological metals/semimetals. [28] [29] [30] [31] The calculated electronic density of states (DOS) of TiSb 2 along with atomic projected density of states (PDOS) without considering the spin-orbit coupling (SOC), plotted in Fig. 1(a) , shows finite DOS at E F , consistent with the metallic behavior. The
Ti-3d and Sb-5p orbitals are widely distributed over all energies below and above the E F and dominate the low-energy states. The modest hybridization between the Ti-3d and the Sb-5p states implies a covalent bonding between Ti and Sb atoms. The electronic band structure computed without SOC is presented in Fig. 1(b) , which clearly illustrates that two band crossing points (BCPs) along the Γ-Z and X-P high symmetry lines exist near the E F . Fat-band analysis shows that the BCP along the Γ-Z is dominated by Ti-d xy and Sb-p y orbitals, while the BCP along the X-P is dominated by Ti-and Sb-p y orbitals. When the SOC is considered, as shown in Fig. 1(c) , the BCP along the X-P line is fully gapped with a gap size of about 35 meV. The enlarged view of the band structure in Fig. 1(d) shows that a BCP along the Γ-Z direction exists about 50 meV above the E F . Along the Γ-Z direction, the little group is C 4v for any k point. The two crossing bands belong to different irreducible representations, Δ 6 and Δ 7 , thus indicating that the BCP is symmetry protected. Because of inversion and time-reversal symmetries, the two crossing bands are both doubly degenerate. As such the BCP is fourfold degenerate DP, locating at (0, 0, ). In Figs shown by the inset of Fig. 2(f) . The black and red lines represent the raw oscillatory and the oscillations of F α* and F β , respectively. The parameters A, m * , k F , v F , T D , τ Q , μ Q for both F α* and F β could be obtained by the similar analysis procedure as described above. The results are summarized in Table I to guide a comprehensive understanding about the FS. The angle dependent dHvA oscillations could provide further information about the shape of the FS. The schematic measurement configuration is shown in Fig. 4(a) .
The oscillations amplitudes versus 1/μ 0 H at various θ and T = 1.8 K are shown in Fig.   5 (b). The θ dependence of fundamental frequencies is shown in Fig. 4(c) . When the magnetic field was rotated between B//a gradually to B//b, the experimentally determined F α* and F β were compared with theoretical values, where the green thick circles denote the theoretical F α* and the red triangles denote the theoretical F β , as shown in Fig. 4(d) . 
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Crystal growth and basic characterizations
TiSb 2 crystals were grown by using the self-flux method, starting from Ti powder (99.9%, Aladdin) and Sb (99.999%, Aladdin) granules mixed in a molar ratio of 1: 10.
The mixture was loaded into an alumina crucible and was heated in a furnace up to 1100 o C within 12 hrs, kept at the temperature for 5 hrs, and then slowly cooled down to 750 o C with slowly decreasing the temperature at a rate of 1.5 o C/h. The assembly was immediately put into a high-speed centrifuge to separate the excess Sb. The picture for a typical crystal with a dimension of 1 × 0.9 × 1.5 mm 3 is shown in Fig.   S1 (c). and gradually increased, ρ xx is apparently enhanced to be somewhat insulating with a clear plateau behavior at low temperature.
First-principle calculations
First-principle calculations were performed within the framework of the projector augmented wave (PAW) method 2,3 by employing the Perdew-Burke-Ernzerhof (PBE) 4 type generalized gradient approximation (GGA), 5 as encoded in the Vienna ab initio Simulation Package (VASP). [6] [7] [8] A kinetic energy cutoff of 520 eV and a Γ-centered k mesh of 12×12×12 were utilized in all calculations. During self-consistent convergence and structural relaxation, the energy and force difference criterion were defined as 10 -6 eV and 0.01 eV/Å. The WANNIER90 package 9-11 was adopted to construct Wannier functions from the first-principle calculations results. The topological features of surface state spectra were investigate by using the WANNIERTOOLS code. 12 The SKEAF (Supercell K-space Extremal Area Finder) code 13 was used to extract the dHvA frequencies from the band structure calculations.
